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Here we examined the implication of the precuneus in third-person perspective of social interaction using functional magnetic resonance imaging (fMRI). Participants performed a socially irrelevant task while watching the biological motion of two agents acting in either typical (congruent to social conventions) or atypical (incongruent to social conventions) ways. When compared to typical displays, the atypical displays elicited greater activation in the central and posterior bilateral precuneus, and in frontoparietal and occipital regions. Whereas the right precuneus responded with greater activation also to upside down than upright displays, the left precuneus did not. Correlations and effective connectivity analysis added consistent evidence of an interhemispheric asymmetry between the right and left precuneus. These findings suggest that the precuneus reacts to violations of social expectations, and plays a crucial role in thirdperson perspective of others' interaction even when the social context is unattended.
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INTRODUCTION
Being able to understand the interaction of others is necessary to have a successful social life. Healthy humans can use different kinds of non-verbal social cues to read others' behaviour; for example, they can use facial expressions, voice intonation and body gestures (e.g. Belin et al., 2004; de Gelder et al., 2010; Fecteau et al., 2007; Puce and Perrett, 2003; Sinke et al., 2010) . Depending on the social situation, human beings are either faced with a condition in which the self is part of the on-going social interaction or one where it is not (e.g. Schilbach et al., 2006) . In the latter situation, a person assumes a third-person perspective. In recent years, few studies have examined which brain areas support the ability to read the behaviour of others from a third-person perspective (Centelles et al., 2011; Kujala et al., 2012; Sinke et al., 2010) . These studies have used visual stimuli depicting the interaction between two humans and have identified, with different frequency, a group of areas (e.g. amygdala, superior temporal sulcus, dorsomedial prefrontal cortex, temporoparietal junction, precuneus) which respond more to interacting than non-interacting agents. While the role of the amygdala, the temporoparietal junction and medial prefrontal cortex in third-person perspective of social interaction has received more attention (Centelles et al., 2011; Kujala et al., 2012; Sinke et al., 2010) , the role of the precuneus is still uncertain, due to lack of studies specifically examining its functions. However, a growing body of evidence from neuroimaging studies (e.g. Cherkassky et al., 2006; Groen et al., 2010; Kennedy et al., 2006) point to an essential involvement of this area in clinical conditions such as schizophrenia and autism. Defining the role of the precuneus in healthy humans when processing the non-verbal, social behaviour of others will provide a baseline for its normal activity. This is crucial for future investigations of mental disorders, developmental disabilities, or cortical injury extending to this area.
The reasons why the precuneus has been neglected, despite its strategic location and widespread connections, probably reside in its location (i.e. hidden between the somatosensory and visual cortex) and consequent lack of confined lesion studies (Cavanna and Trimble, 2006) . Modern neuroimaging techniques such as functional magnetic resonance imaging (fMRI), however, have enabled the characterisation of the precuneus' function in many different high-level cognitive tasks and of its connectivity-based subdivision (Margulies et al., 2009) . Studies in monkeys and humans have consistently suggested that different parts of the precuneus subtend different functions (e.g. Kobayashi and Amaral, 2007; Margulies et al., 2009; Parvizi et al., 2006) . For example, a distinct pattern of functional connectivity suggests the anterior part of the precuneus has mostly sensorimotor functions, the central part has cognitive/associative functions, and the posterior part has visual functions (Margulies et al., 2009 ).
In a very parsimonious review of the precuneus' functions and behavioural correlates Cavanna and Trimble (2006) describe a series of studies in which the precuneus was activated more for self-relevant than self-irrelevant personal traits (Kircher et al., 2000; Kjaer et al., 2002; Lou et al., 2004) , and more for a first-person than a third-person perspective (den Ouden et al., 2005; Vogeley et al., 2001; Vogeley and Fink, 2003) . At first glance, these converging results suggest that the precuneus is specifically involved in self-representation and first-person perspective of social interaction (Cavanna and Trimble, 2006) . However, other studies have shown a greater activation of the precuneus for third-person perspective than for first-person perspective of social interaction and for third-person perspective of social interaction than for non-social interaction (Farrer and Frith, 2002; Kujala et al., 2012; Ruby and Decety, 2001; Vogeley et al., 2004) . Due to these inconsistent results, the role of the precuneus in social perspective taking remains to be determined. Recently, Schilbach et al. (2013) suggested an alternative paradigm to study social cognition that, in contrast to those studying passive first-and third-person perspective, involves actively the observer in the social interaction. This 'second-person' approach (Schilbach, 2010) to look at social cognition could be the key to resolve the existing inconsistent results on the role of precuneus when active interaction is involved.
However, a third-person perspective approach appears more appropriate to examine the precuneus role when the viewer experiences others' social interaction without being actively involved.
Here, we focus specifically on the role of precuneus in third-person perspective of social interaction and ask whether the involvement of the precuneus would change with the degree of congruency of others' interaction, since recent studies reported greater precuneus activation for incongruent than congruent social information (Bruneau and Saxe, 2010; Cloutier et al., 2011; Reid et al., 2009) . Additionally, it is unknown whether the precuneus would show a similar involvement in social perspective taking when the viewer is not attending to the social context portrayed in the displays.
Here we examined the role of the precuneus in processing unattended third-person perspective of others' interaction using functional magnetic resonance imaging (fMRI) and non-verbal social cues. In order to control for the physical aspects of the others' actions while changing the degree of congruency of their interaction we used displays representing the biological motion (e.g. Pavlova, 2011; Saygin et al., 2004; Sevdalis and Keller, 2011) of two human agents (i.e. the typical displays). Displays derived from point-lights (Johansson, 1973) attached to the major joints of two human agents are especially effective for studying action understanding and its neural substrates from a third-person perspective (Centelles et al., 2011; Neri et al., 2006; Rose and Clarke, 2009 ).
We created the atypical displays by altering the original interaction between the two agents in the typical social displays, while maintaining the same low-level information overall. This was achieved by combining the motion data of one agent from one of the typical displays with the motion data of the other agent from a different typical display.
In this way we obtained displays for which the social congruency of the agents' interaction was atypical when compared to the original (typical) displays, although the action performed by each individual agent was always the same. We also included a visually inverted condition for each one of the socially typical and atypical displays as a further control condition. Inverting the displays reduce the overall level of perceived coherence (Pavlova and Sokolov, 2000; Petrini et al., 2010; Shipley, 2003; Sumi, 1984; Troje and Westhoff, 2006) while maintaining the same low-level visual information and level of congruency of the social interaction. To examine whether the precuneus would be involved without any explicit reflection about the goals and intentions of the two agents (Brass et al., 2007; de Lange et al., 2008) , we asked participants to carry out an unrelated task.
We hypothesised that presentation of atypical social interaction (incongruent displays) would elicit greater activation in the precuneus (next to frontal and occipital areas) than that of typical social interaction, based on evidences of greater precuneus activity as a results of violations of social expectations (Cloutier et al., 2011) . We also expected, based on connectivity studies (Margulies et al., 2009) and the nature of the present task, that the precuneus activation would be mostly located in its central and posterior part and correlate and/or being functionally connected with cognitive and visual cortical regions.
MATERIALS AND METHODS

Pre-behavioural phase: stimulus selection
Thirty-two English native speaker participants (16 females and 16 males with an average age of 23.5) were recruited for the experiment. The study had been approved by the Ethics Committee of the Faculty of Information and Mathematical Sciences, University of Glasgow, and all participants gave informed consent to participate.
Participants received a monetary incentive for their participation.
For the display creation we acquired 3D motion capture data from two people interacting in different ways, using a Vicon FX40 system (Centelles et al., 2011; Neri et al., 2006; Rose and Clarke, 2009 ). The dyadic point-light displays showing three 'original' interactions (swinging, clapping and lifting) were manipulated to obtain six 'backward' conditions (where one agent moved forward as in the original display, while the other agent moved backward), six 'desynchronised' conditions (where one agent was put out of phase with respect to the other by 1s) and six 'incongruent' conditions (where one agent from one original display was combined with the other agent from a different original display).
The visual stimuli were presented on a Sony Trinitron screen with resolution 1280 x 1024 pixels and a refresh rate of 60 Hz, by a Dell laptop running Windows XP. The resulting displays were presented in randomised order to participants using Presentation 13.1 (Neurobehavioral Systems, Albany, CA). Participants had to judge whether the two agents in the displays were interacting or not. After each display presentation participants gave their response and a written description of the display before viewing the next stimulus. Each display was repeated twice in two separate blocks where participants were asked to respond either immediately after the display ended, or 2s after it ended. A beep informed participants when to give their response. This further experimental condition was introduced to control for any effects of time on detection of social interaction, and was called 'response time' in the analysis. 
Selection criteria for fMRI study
Based on the findings of the behavioural experiment only males were recruited for the fMRI experiment, because males were found to be significantly better in discriminating between socially typical (original) and atypical (incongruent) displays. Furthermore, we selected two out of the three original displays (i.e. the swinging and clapping displays) to increase the statistical power by maintaining a ratio 1:1 between typical and atypical (incongruent) displays. The atypical displays depicted one agent from the swinging display with the other agent from the clapping display. Visual clips were projected onto a screen at the back of the participant's head using a video projector (Panasonic PT-D7700E DLP). The participant lay supine in the MRI scanner and viewed the display through a mirror mounted on a 32 channel quadrature head coil.
The fMRI event-related design is described in Figure 1b . After each stimulus presentation (which lasted 5s) participants had to judge whether the display they just saw was the same or different from the previous one. The task was not relevant to the aim of the experiment and its purpose was to maintain the participants' attention on the dyadic displays throughout the whole experiment. Participants were asked, while lying in the scanner, to respond by pressing one of two buttons on an fMRI compatible button pad.
The order of stimulus presentation and the duration of the inter stimulus interval (ISI) was randomised for each participant within each run. The ISI was a blank screen presented for an average of four seconds, with this duration varying randomly between two and six seconds. During the experiment participants were scanned twice in two 18-minute runs each showing the 8 stimuli (2 upright typical displays, 2 upright atypical displays, 2 inverted typical displays, and two inverted atypical displays) 15 times, for a total of 120 presentations. Hence, each display category was presented 30 times in each run, for a total of 60 presentations during the overall experiment.
------- Figure 
Analysis
First level analysis: Analyses were performed on the data of individual participants using multiple linear regression of the BOLD-response time course in each voxel using four predictors (typical-upright, atypical-upright, typical-inverted, atypical-inverted) . For each run of each participant's event-related data, a BrainVoyager protocol file (PRT) was derived, representing the onset and 3s duration of the events for the different conditions.
Predictors' time courses were adjusted for the haemodynamic response delay by convolution with a haemodynamic response function.
Second level analysis:
Statistical evaluation of group data was based on a second-level GLM random effects analysis. To detect the areas responding to social interaction we contrasted the brain activity of participants when viewing the upright and inverted atypical displays with the brain activity when viewing upright and inverted typical displays. The obtained statistical map was corrected for multiple comparisons using cluster-size thresholding (Forman et al., 1995; Goebel et al., 2006) . In this method, for each statistical map the uncorrected voxel-level threshold was set at P < 0.001 (uncorrected), and then was submitted to a whole-brain correction criterion based on the estimate of the map's spatial smoothness and on an iterative procedure (Monte Carlo simulation) for estimating cluster-level false-positive rates (i.e. the theoretical number of "false" positive voxels that are activated in each random map). After 1000 iterations the minimum cluster-size that yielded a cluster-level false-positive rate of 5% was used to threshold the statistical map. The minimum cluster-size for P < .05 is reported according to the original table (in voxels) and the interpolated table (in mm³).
To examine in detail the effect size for social valence (typical, atypical) and stimulus orientation (upright, inverted) factors within the assessed regions, the average β-estimates were subjected to a two-way ANOVA for repeated measures. Additionally, we measured the correlation between the average β-estimates of the defined regions of interest (ROIs) separately for each condition (typical-upright, atypical-upright, typical-inverted, and atypical-inverted).
Correlations and Granger causality: after assessing the ROIs we explored the correlation between the levels of activity in the precuneus with those in the other assessed regions using linear regression analysis. We also examined the directional influences between the bilateral precuneus and the other ROIs using Granger causality mapping (GCM), which has recently been used to map effective connectivity in the human brain (Jabbi and Keysers, 2008; McKay et al., 2012; Roebroeck et al., 2005; Schippers et al., 2010) . We calculated GCM between the bilateral precuneus and the entire brain for the duration of the experiment, and then overlapped the granger causality map onto the ROIs map to investigate whether the precuneus was influenced by or influenced the other regions of interest during the experiment. Granger causality is a linear autoregressive model of time series that is based on the concept that each data point X t (the measured value at time t)
can be modelled as a linear combination of k previous data points, starting from a lag l ≥1. Granger (1969) then proposed that if the amount of variance explained by this new model is significantly higher than that of the purely autoregressive model, it is said that Y "Granger causes" X. GCM adds information about directionality and causation to the correlation analysis, by examining the effective connectivity between the two seed regions (left and right precuneus) and the other experimentally defined regions of interest.
Although several researchers have hypothesised that Granger causality might give rise to spurious results in response to differences in haemodynamic response functions between brain areas (e.g. Roebroeck et al., 2005) , a recent study demonstrated that spurious findings at the group level of analysis are actually rare, and that GCM is a valid method to determine the dominant direction of information flow (Schippers et al., 2011) .
However, as Smith et al. (2012) indicate even at the group level of analysis the GCM results could be driven by systematic differences in haemodynamic lag between different brain areas. As we cannot completely exclude this possibility, we will interpret the GCM results as an extension of the contrast and correlation analyses.
RESULTS
Behavioural results
The aim of the behavioural task was to keep participants attention monitored during the scan and make sure that the social context was unattended. Participants had to judge whether the display presented was the same or different from the one presented just before. Thus the task was unrelated to the social context displayed in the clips, but looking at the participants responses was important to establish whether they were able to detect the displays differences at a level above chance, and whether the task difficulty changed with the display type (typical-upright, atypical-upright, typical-inverted, and atypical-inverted). Indeed, if task difficulty changed with the type of display then this might have affected the data when contrasting the brain activity elicited by atypical vs. Table 1a .
------- In other words, and more specifically to our case, using the same data for detecting the regions of interest (ROIs) and for carrying out further regions of interest analyses might
give rise to spurious significant results. Kriegeskorte et al. (2009) provided a few options for overcoming this 'circularity' problem. Here we applied one of these options and divided the data into two subsets, one to detect the ROIs using the contrast of interest, and the other to perform the additional ROI analysis. To account for the temporal dependencies within experimental runs the two data subsets were created by randomly selecting the first run for half of the subjects and the second run for the other half of the subjects. The contrast (atypical-upright + atypical-inverted) -(typical-upright + typicalinverted) carried out on the first data subset returned seven out of the nine regions we obtained when including all the data: right middle/inferior frontal gyrus (rM/IFG), right middle frontal gyrus (rMFG), right precuneus, left precuneus (lPR), two distinct regions in the left middle occipital gyrus (lMOG-brodmann area19 and lMOG-brodmann area 37), and left superior parietal lobule (lSPL). The locus of activation and peak of activation for each one of these seven regions are shown in the supplemental figures by using brain voyager and SPM Anatomy toolbox, respectively. To control for multiple comparisons, the obtained map was adjusted to an initial P value of <.001 (uncorrected) and then submitted to a volume-based cluster-threshold algorithm yielding a new map thresholded at P<0.05 (corrected) with a minimum cluster threshold. The minimum cluster threshold that yielded a cluster-level false-positive rate of 5% was k = 3, 81mm³.
The anatomical location and details of the activated foci are listed in Table 1b . The results of the contrast analysis obtained when using all the data and when using only a subset of data are very consistent suggesting that the used number of participants, although small, is sufficient. As the size of the data sample did not affected the results significantly. This conclusion is further reinforced by the low within-subjects variability in beta estimates as shown in Figure 3 .
The selective analyses were carried out only on the ROIs obtained from this second detection analysis ( Figure 3b and Table 1b ), because they were found in the total and subsets data detection analysis and thus we could exclude that they depended on the randomisation criteria used when dividing the data into two subsets. A two-way ANOVA with social valence (typical, atypical) and stimulus orientation (upright, inverted) as within-subject factors was carried out on the average β-estimates of the assessed clusters as derived from the second subset of data. A significant main effect of social valence was found for all the ROIs (all F(1, 9) ≥ 4.987, all p ≤ 0.05), whereas a significant main effect of stimulus orientation was found for the right middle frontal gyrus (F(1, 9) = 6.761, p = 0.029), the right precuneus (F(1, 9) = 30.434, p < 0.001; Figure 3b ), and the left middle occipital gyrus-BA19-(F(1, 9) = 15.047, p = 0.004). No significant interaction between social valence and stimulus orientation was found.
-
------Figure 3 -------
The correlation between the ROIs β-estimates was assessed by performing a linear regression analysis separately for the four experimental conditions. inverted. This result is interesting not only because the right precuneus is the only region to negatively correlate with the activity in other obtained regions of interest, but also because this negative correlation is restricted to the typical displays, that is, no correlation between the right precuneus and any other region was found for the atypical displays. The activity of the left precuneus correlated with a greater number of ROIs when going from the upright to the inverted conditions. For example, the activity in the left precuneus was found to correlate with that of the left middle occipital gyrus (BA19) for all the different display conditions, but was found to correlate also with the activity in the superior parietal lobule only for the inverted display conditions.
------- Figure 4 -------In order to examine the direction of information flow within the revealed network, effective connectivity analyses were conducted using GCM (Roebroeck et al., 2005) across the ten participants using a fixed effect approach. This produced cortical maps depicting effective connectivity, consisting of source and target activations. Source activations represent regions whose activation consistently preceded that of the seed region and thus are hypothesised to have exerted task-related causal influence on the cortical activation of the seed region. Target activations on the other hand represent regions that are consistently activated after the seed region and thus are hypothesised to be causally influenced by the seed region. Due to the aim of the present study we focused on two seeds, the left and right precuneus. Effective connectivity analyses revealed that the left precuneus receives neural input from the right middle/inferior frontal gyrus, the middle frontal gyrus, and the superior parietal lobule, and in turn projects neural input to the right precuneus, and the middle occipital gyrus (BA37). The middle occipital gyrus (BA19), in contrast, appeared to both receive and project neural inputs from and to the left precuneus (Figure 5a ). The same analysis was carried out over the right precuneus, which was consistently receiving neural inputs from all the defined ROIs (Figure 5b ), but did not project to any of them. This confirmed that the flow of neuronal information was going from the left precuneus to the right precuneus (Figure 5a ), since the right precuneus was a target activation for both GCM analyses.
------- Figure 5 -------
DISCUSSION
Everyday we are surrounded by people engaging in social interaction, and often we are not actively involved in said interactions or do not pay much attention to them. Still we can understand the social meaning of the observed interactions even just by looking at how people move in conjunction. In the present study we examined the role of the precuneus in unattended third-person perspective of others' social interaction, and show that its activation was greater for atypical (representing the incongruent biological motion of two people) than typical (representing the congruent motion of two people) displays.
Our findings support previous studies showing that this region plays a central role in social cognition (e.g. Adolph, 2009; Amodio and Frith, 2006; Decety and Lamm, 2007; Frith and Frith, 2006; Mitchell et al., 2006a; Saxe and Wexler, 2005; Spreng et al., 2009) , and in third-person perspective of others' social interaction (Iacoboni et al., 2004; Ruby & Decety, 2001; Farrer & Frith, 2002; Vogeley et al., 2004) . We also showed that the right precuneus, but not the left precuneus, responded with significantly greater activation to upside-down than upright displays, indicating that this area is sensitive not only to the social context portrayed in the displays, but also to a decrease in biological motion recognisability and coherency (McKay et al., 2012) . The involvement of the precuneus which we have shown does not depend on differences in low-level features and complexity of the visual displays, or on explicit reflection about the goals and intentions of the two agents (Brass, Schmitt, Spengler, & Gergely, 2007; de Lange, Spronk, Willems, Toni, & Bekkering, 2008) . Indeed, we matched as closely as possible the lowlevel information and the complexity of the typical and atypical displays (i.e. we created the atypical displays interchanging the agents' motion data from the typical displays), and asked participants to perform a socially unrelated (orthogonal) task.
Even if it would have been informative to compare the precuneus involvement in conditions of attended and unattended social meaning, the reasons why we did not include the attended condition are several. First of all, we would have been forced to have the attended condition always following the unattended (Iacoboni et al., 2004) . Indeed, once the viewers paid attention to the social meaning we were concerned that participants could not refrain from paying attention to it also during the unattended. The same would apply if we chose to add a condition in which participants actively participated to the observed interactions, in that the active condition should have always followed the passive. We wanted to avoid using a fixed order within design, as the results would have been difficult to interpret. For example, it would have been difficult to disentangle the response of the precuneus elicited by the attentional shift from that elicited purely by changes in social interaction. And introducing an active participation of the viewer during fMRI scanning is not straight forward, as the motor activity possible in the scanner is very limited. However, in future it would be important to find the optimal way to compare these conditions in one experiment while avoiding these methodological constrains. A possibility would be to use a between-subjects design, although it might be difficult to account for inter-groups variability and differences. Finally, in the present study we scanned only male participants. This decision was taken based on the prebehavioural study results, which showed that males and females significantly differ in the degree of interaction perceived in our displays. That is, females perceived social interaction in the atypical displays to a much higher degree than males. This behavioural difference may reflect sex-specific functional neuroanatomy of the precuneus as shown recently by Zhang and Li (2012) . This is a very interesting possibility that should be specifically addressed in future studies as it could elucidate sex-related differences in neurological disorders that result in social impairment.
The stronger activation of the precuneus for incongruent than congruent social cues has been previously reported when contrasting static pictures of politicians with incongruent and congruent political views (Cloutier et al., 2011) , sentences with incongruent and congruent information about voice-based speakers' identity (Reid et al., 2009) , statements with incongruent and congruent information about the beliefs towards an out-group (Bruneau and Saxe, 2010) , and actions with incongruent (e.g. cutting up bank notes) and congruent functional meaning towards money (Becchio et al., 2011) . That is, the precuneus shows significantly stronger activation when social expectations are violated, at least in typical population, because no difference in activity was found within this region in a group of high-functioning autistics (Reid et al., 2009 ). The stronger activation of the precuneus elicited by our atypical displays may have a similar explanation, because the actions of the two human agents in these displays was clearly mismatched, thus violating the social expectation of the observer. Here we show that explicitly attending to the social context is not a pre-requisite of the precuneus activation in response to incongruent social behaviour.
Based on the connectivity partition drawn by Margulies et al. (2009) visuospatial and attention tasks (e.g. Buchel et al., 1998; Frankenstein et al., 2001; Gitelman et al., 2002) for tasks involving actions, emotions and perspective taking (Aalto et al., 2002; Decety et al., 1997; Ruby and Decety, 2001 ) and for retrieval tasks (e.g. Fink et al., 1996; Henke et al., 2003; McDermott et al., 1999; Tsukiura et al., 2002) .
The variety of the precuneus functions identified in these studies (i.e. visuospatial, attentional, social, and memory) may all be fundamental to explain the greater activation we found in the present study for atypical social interactions. That is, the precuneus through its widespread connectivity may act as cortical hub (similarly to the posterior cingulate; e.g. Fransson and Marrelec, 2008; Leech and Sharp, 2014) gathering any useful information to make sense of social situations that violate the observer expectations. In simpler words, the precuneus may have to work harder and gather more information through its widespread connections, when the meaning of the social interaction is not easily interpretable. This conclusion is supported by studies indicating how abnormalities in precuneus/posterior cingulate and their functional connectivity are present in a variety of attentional and cognitive deficits Castellanos et al., 2008; Sharp et al., 2011) as well as psychiatric and neurodevelopmental disorders that result in social impairments (Bluhm et al., 2007; Bluhm et al., 2009; Kennedy and Courchesne, 2008) .
MFG/IFG is known to process the meaning of human actions (i.e. in terms of intentions and goals), and to activate in conjunction with the precuneus when behaviorally relevant though unattended stimuli are presented (Corbetta et al., 2008) . Both IFG functions are of relevance here and may both contribute to explain the area greater activity for atypical social displays. For example, the peak of activation we found in the right MFG/IFG (44, 11, 33) is very similar to that found by Iacoboni et al. (2005; peak (45, 7, 33) . The SPL/ITS processes biological motion and peak activation coordinates similar to what we found were previously reported by Saygin et al. (2004) when contrasting biological motion to stationary point-light displays (-27, -47, 43) as well as scrambled biological motion to stationary point-light displays (-29, -48, 42) .
Interestingly in the same study Saygin et al. (2004) also obtained a very similar peak of activation (36, -4, 49) to our frontal middle frontal gyrus when comparing the brain activation elicited by point-light displays against that elicited by stationary point-lights.
However, the middle frontal gyrus, in contrast to the MFG/IFG and SPL/ITS, in the present study, seems to send neural information only to the right precuneus, while it receives information from the left precuneus. Intriguingly, this asymmetry between left and right precuneus also emerges in relation to the assessed occipital regions, with the right precuneus receiving neural information and the left sending neural information to these regions, respectively. Peaks of activation resembling ours in the two middle occipital gyrus areas were found in a study by Thompson, Clarke, Stewart, & Puce (2005) when comparing brain activation for fragmented body parts in motion to activation for intact body parts in motion (-26, -80, 22) , and when comparing activation for upright to upside down displays (-46, -70, 6 ). Thus, these two occipital regions appear to work together to make sense of atypical biological displays.
Notably, the different analyses consistently point to a functional asymmetry between the left and right precuneus. That is, whilst the left precuneus was found to respond with greater activation to atypical than typical displays, the right precuneus was found also to respond with greater activity to upside down than upright displays. According to previous studies, which used similar stimuli to ours (Centelles et al., 2011) , we assessed the conjoint implication of the 'mentalizing' (e.g. precuneus) and 'mirror neuron' or 'action observation' network (e.g. MFG/IFG and SPL/ITS). When both observing and performing actions the mirror neuron system (Gallese et al., 2004; Iacoboni et al., 2005; Rizzolatti and Craighero, 2004) or more generally the action observation network (Calvo-Merino et al., 2006; Cross et al., 2009a; Cross et al., 2009b; Grafton, 2009 ) is recruited. This system allows the observer to understand others' actions and goals through the action represented in the observer's own behavioral repertoire. On the other hand, the mentalizing system (Amodio and Frith, 2006; Uddin et al., 2007; Van Overwalle and Baetens, 2009) , also known as theory of mind (ToM), enables the observer to understand the goals of others' intentions and beliefs as though the observer could read the other's mind. A meta-analysis showed that when participants attend to human actions that are unexpected these two systems are both recruited (Van Overwalle and Baetens, 2009 Petrini et al., 2011) . In this case, both the action observation and mentalizing networks need to work together to concomitantly form a representation of the novel observed interactions and achieve an understanding of its meaning (i.e. understanding the intentions of the two human agents). Alternatively, the level of conjoint participation of the action observation and mentalizing networks during social interaction could depend on how much the observer of such interaction feels part of it (Schilbach, 2010; Schilbach et al., 2013) . Because here the observer maintained the same level of agency during the whole experiment, it is unlikely that the participation of regions from the two networks can be explained by a change in the observer's sense of agency. However, the limited number of brain regions (representative of the action observation and mentalizing system) assessed in the present study could be a consequence of the low level of agency experienced by the observer. Still, interactions out of the observer's acquired repertoire may also imply a different degree of the observer's sense of agency. As Schilbach (2010) already underlined, new experimental paradigms need to be developed to investigate the contribution of these different factors and fully understand how our brain processes social interaction.
CONCLUSION
We investigated brain activation during unattended third-person perspective of social interaction. As hypothesised, we demonstrated the involvement of the central and posterior precuneus and other brain regions known for processing social cues, goals and meanings of humans' actions. The precuneus discriminated between displays in which the two agents were interacting in atypical ways from those in which they were interacting in typical ways. Only the left precuneus, however, showed a more specific response to incongruency in the social information, whereas the right precuneus showed a more general response to less coherent visual displays. These results suggest, that although the precuneus plays a crucial role in processing any violation of social expectations, its right and left regions might have distinct roles. The reasons behind these distinctions remain to be explored in future studies. Using similar stimuli and paradigm to the present study would be also ideal to compare the precuneus activity in humans with and without developmental disorders so to elucidate the role of this area, and its many functional subdivisions, in social impairments.
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